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Shi-Joon Yoo, MD*,†, Mauro Lo Rito, MD‡, Mike Seed, MD*,†, and
Lars Grosse-Wortmann, MD*,†Magnetic resonance imaging (MRI) is an integralimaging modality that provides information regard-
ing cardiovascular anatomy, blood ﬂow velocities and
volumes, regional and global ventricular functions, and
myocardial healthiness.1 As compared with other imaging
modalities, such as echocardiography and computed
tomography (CT), MRI has the following strengths:
(1) MRI is the gold standard tool for measuring the
volumes of the cardiac chambers,2 (2) phase-contrast
velocity mapping technique is the most accurate tool for
measuring blood ﬂow volumes,3 (3) MRI is able to detect
and measure diffuse as well as focal myocardial ﬁbrosis,4-7
and (4) MRI provides 3-dimensional (3D) volume data that
allow reconstruction of the sectional or volume-rendered
images in any plane.
Several new techniques introduced in the last few years
have further enhanced the use and accuracy of MRI in
pediatric cardiovascular MRI. They are as follows: (1) MR
angiography with an intravascular contrast agent (gadofosveset
trisodium [Ablavar, Lantheus Medical Imaging, N. Billerica,
MA]) that stays in the blood for an extended period of time.
Injection of an intravascular agent allows enough imaging
time not only for acquisition of high-deﬁnition images but
also for elimination of cardiac and respiratory motion artifacte front matter r 2014 Elsevier Inc. All rights reserved.
g/10.1053/j.optechstcvs.2014.06.002
ostic Imaging, The Labatt Family Heart Centre, The
Children, University of Toronto, Toronto, Ontario,
of Cardiology, Department of Paediatrics, The Labatt
, The Hospital for Sick Children, University of Toronto,
anada; and the ‡Division of Cardiovascular Surgery,
ery, The Labatt Family Heart Centre, The Hospital for
ersity of Toronto, Toronto, Ontario, Canada
ts to Shi-Joon Yoo, MD, Department of Diagnostic
for Sick Children, 555 University Ave, Toronto,
5G1X8. E-mail: shi-joon.yoo@sickkids.ca; shijoonyooby implementing electrocardiographic gating and respiration
navigation (Fig. 1).8,9 (2) Rapid prototyping or 3D printing by
which physical replicas of the patient's heart can be
manufactured using 3D volume data from MRI or CT
(Fig. 2).10,11 The MRI or CT image data are reconstructed
and reformatted into very thin slices, and the printer
continuously builds up the printing material layer by layer
according to the digital data of each reformatted slice until
the whole object is composed. The replicas can be made for
the blood and also for the endocardial surface anatomy by
putting a shell outside the blood. (3) 4D MR ﬂow technique
that allows acquisition of blood ﬂow information for all
vessels included in the 3D imaging volume at the same time
and therefore under the same physiological status.12,13 In
addition to blood ﬂow data of all vessels, the ventricular
volumes can also be assessed from the same image data set,
as phase-contrast velocity mapping technique is a modiﬁca-
tion cine-imaging technique.13 (4) Feed-and-sleep MRI in
which a sleeping infant is placed in a vacuum immobilizer
after 4 hours of fasting and then given a generous amount of
milk.14 Others and we have employed this approach
successfully in almost all infants aged less than 3 months
and in most infants aged between 3 and 6 months.14,15
With the strengths and newly developed techniques listed
earlier, MRI is indicated when the surgical anatomy is
complex and difﬁcult to understand using echocardiograms
alone or the quantiﬁcation of the ventricular and blood ﬂow
volumes is required for a management decision. When its
use is ﬁnely tuned for each individual case, MRI is a
powerful and valuable tool for surgical decision making and
planning. In this review article, we illustrate clinical
examples where cardiovascular MRI plays a key role in
decision making for congenital heart disease surgery
(Figs. 3-6).
Figure 1 Maximum intensity projection (MIP) and 3D volume-rendered (VR) (left panel) images reformatted from ECG-gated and respiration-
navigated 3D angiogram using an intravascular agent in a 16-year-old patient with severe coarctation of the aorta. The images are almost free
of motion artifact. As the images are obtained in the equilibrium phase of contrast distribution, all vessels show homogeneous signal intensity
without artifacts from turbulent ﬂow. ECG ¼ electrocardiographic. (Color version of ﬁgure is available online at www.optechtcs.com.)
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Figure 2 A set of 3D print models from a 6-year-old patient with a sinus venosus (SV)–type atrial septal defect and partial anomalous
pulmonary venous connection of the right upper and middle pulmonary veins (RUPV and RMPV, respectively) to the superior vena cava
(SVC). The right upper corner of the left atrium forms a recess to have a direct connection to the junction between the SVC and right atrium
(RA). There is a small accessory pulmonary vein (asterisk) that connects to near the margin of the SV defect. The wall model in the right-hand
panel shows the SV defect involving the uppermost part of the atrial septum with the oriﬁce of the anomalously connected right middle
pulmonary vein (RMPV) adjacent to the defect. There is mild tubular hypoplasia of the aortic arch. PT ¼ pulmonary trunk; RV ¼ right
ventricle; RPA ¼ right pulmonary artery; LA ¼ left atrium; IVC ¼ inferior vena cava; RLPV ¼ right lower pulmonary vein. (Color version of
ﬁgure is available online at www.optechtcs.com.)
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Figure 3 (A) A case of borderline left ventricular hypoplasia. Although the choice between a univentricular and a biventricular management
pathway is clear in most newborns with hypoplasia of the left heart structures, the decision can be difﬁcult when there is borderline
hypoplasia.16 A wrong decision toward a biventricular repair can be catastrophic, whereas an inappropriate decision toward a univentricular
repair may result in suboptimum long-term outcome. In this newborn with severe tubular hypoplasia of the aortic arch, the echocardiograms
showed a signiﬁcantly reduced volume of the left ventricle. At the initial MRI at 4 days of life, the left ventricular end-diastolic volume was
18 mL/m2 of body surface area, and the blood ﬂow through the ascending aorta was 0.9 L/min/m2 (left-hand panels). As both data are
considered marginal, a hybrid procedure consisting of stent placement in the ductus arteriosus and bilateral branch pulmonary artery banding
was performed. The ﬁnal decision for univentricular vs biventricular repair was deferred for a few months. The follow-up MRI at 5 months of
age showed signiﬁcant interval increase in left ventricular end-diastolic volume and blood ﬂow through the ascending aorta to 35.1 mL/m2
and 2.4 L/min/m2, respectively (right-hand panels). The Qp/Qs had decreased from 3.4 to 1.1. The ventricular septum bowed to the right. Qp
¼ pulmonary ﬂow; Qs ¼ systemic ﬂow.
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Figure 3 (Continued). (B) The graphs show changes in blood ﬂow and ventricular volumes between the 2 studies. The shunt through the patent
ductus arteriosus (PDA) is right to left, whereas the shunt through the atrial septal defect (ASD) is left to right. The patient successfully
underwent biventricular repair with aortic arch reconstruction at the age of 9 months. This case illustrates that each step of surgical
procedures can be accurately planned according to the precise data of the left ventricular volumes and hemodynamics. LVEDVi and RVEDVi
are end-diastolic volume indices and LVSVi and RVSVi are stroke volume indices of the left and right ventricles, respectively. Qp and Qs are
pulmonary and systemic blood ﬂow volumes, respectively. (Color version of ﬁgure is available online at www.optechtcs.com.)
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Figure 4 Fenestrated Fontan operation. The use of fenestration became a common practice in most institutions after its introduction in
1990.17,18 However, the percentage of the subjects receiving a fenestration varies widely among institutions, and there has been a controversy
regarding whether a fenestration should be routinely created.18-20 Our recent PCMRI study in patients with a fenestration showed that most
or all of the inferior vena caval ﬂow was diverted into the pulmonary venous atrium through the fenestration in most patients.21 In some
patients, even some of the superior vena caval ﬂow was diverted into the pulmonary venous atrium, further reducing the blood ﬂow to the
pulmonary arteries as demonstrated in this patient. This patient with double-inlet left ventricle with transposition of the great arteries and
aortic arch hypoplasia underwent Norwood procedure followed by bidirectional cavopulmonary shunt in infancy and fenestrated Fontan
procedure at 2 years of age. MRI performed at 3 years demonstrated no anatomical abnormalities in the cavopulmonary anastomosis and
Fontan tract. The fenestration was widely patent, and there was reversed ﬂow in the Fontan bafﬂe above the fenestration. In keeping with this
ﬁnding, the percentage of oxygen saturation in the patient had decreased from low 80s to mid-70s. The results of our study as exempliﬁed in
this patient suggest that a fenestration may not be needed in patients with “uneventful” course after the bidirectional cavopulmonary
anastomosis and support the strategy to reserve the use of fenestrated Fontan procedure for only patients at a high risk.20 To assess the risk
factors for Fontan completion, cardiac catheterization has been a component of routine preoperative assessment in most institutions. By
providing both anatomical and quantiﬁed hemodynamic information, MRI may obviate the need for catheterization in the preoperative
assessment of Fontan operation in most patients and play an important role in deciding whether a fenestration should be created at the Fontan
operation.22 PCMRI ¼ phase-contrast velocity mapping technique. (Color version of ﬁgure is available online at www.optechtcs.com.)
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Figure 5 Four classic types of double-outlet right ventricle shown with 3D models.23,24 The upper panels show photos of the physical models,
and the lower panels show graphic representations of the same case. The tricuspid valve leaﬂets and atrioventricular conduction axis are
marked with blue and green shades, respectively. (A) With a subaortic ventricular septal defect. Ao ¼ aorta; PA ¼ pulmonary artery; VSD ¼
ventricular septal defect; VIF ¼ ventriculoinfundibular fold; CS ¼ coronary sinus; RA ¼ right atrium; LV ¼ left ventricle.
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Figure 5 (Continued). (B) With a subpulmonary ventricular septal defect and interrupted aortic arch. Ao ¼ aorta; PA ¼ pulmonary artery; VSD
¼ ventricular septal defect; TV ¼ tricuspid valve; MV ¼ mitral valve; VIF ¼ ventriculoinfundibular fold.
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Figure 5 (Continued). (C) With a doubly committed ventricular septal defect. PA ¼ pulmonary artery; Ao ¼ aorta; VSD ¼ ventricular septal
defect; AL ¼ anterior limb of septomarginal trabecula; PL ¼ posterior limb of septomarginal trabecula; TV ¼ tricuspid valve; MV ¼ mitral
valve; VIF ¼ ventriculoinfundibular fold.
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Figure 5 (Continued). (D) With a remote, noncommitted ventricular septal defect. Ao ¼ aorta; VIF ¼ ventriculoinfundibular fold; VSD ¼
ventricular septal defect; TV ¼ tricuspid valve; MV ¼ mitral valve; AV ¼ aortic valve; PA ¼ pulmonary artery. (Color version of ﬁgure is
available online at www.optechtcs.com.)
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Figure 6 A complex form of double-outlet right ventricle. Although the surgical decision is made based on echocardiograms in most cases with
double-outlet right ventricle (DORV), there are complex cases where additional imaging is required for clearer demonstration of the surgical
anatomy. The patient introduced in this ﬁgure is an 8-month-old baby with DORV and hypoplastic aortic arch where 3D printing contributed
to a surgical decision. Echocardiograms show a perimembranous ventricular septal defect (VSD) extending toward the inlet and outlet of the
right ventricle. The upper margin of the VSD was remote from both arterial valves, although the defect was aligned with the aortic valve. The
deviated outlet septum encroached on the subaortic outﬂow tract. A chorda from the tricuspid valve was attached to the margin of the outlet
septum. Based on the echocardiographic ﬁndings, it was felt that biventricular repair might not be suitable. Contrast-enhanced MRI with IR
FLASH technique and 3D printing were performed to reassess the intraventricular anatomy for the ﬁnal decision. The 3D models allowed
clear understanding of the surgical anatomy without any remaining controversy or uncertainty. The 3D models showed a small space
protruding posteriorly in the subaortic right ventricular outﬂow tract (right upper and left lower panels). It was clear that this unusual space
would allow reconstruction of the left ventricular outﬂow tract to the aortic valve. At surgery, the subaortic outﬂow tract was augmented by
resecting the outlet septum and removing the muscle bundle. The VSD was enlarged, an unobstructed bafﬂe was successfully placed between
the VSD, and the aortic arch was reconstructed. As exempliﬁed in this case, the advantages of having physical replicas of the patient's heart in
hand before the surgery include the following: (1) avoidance of a wrong decision between biventricular and univentricular repair,
(2) opportunity to accurately plan the surgical procedure and to perform a simulation procedure if required, (3) avoidance of unexpected
scenes at the time of surgery, and (4) reduced surgical and anesthesia time. PT ¼ pulmonary trunk; Ao ¼ aorta; RA ¼ right atrium; RV ¼
right ventricle; PV ¼ pulmonary vein; TV ¼ tricuspid valve; VIF ¼ ventriculoinfundibular fold; IR ¼ inversion recovery. (Color version of
ﬁgure is available online at www.optechtcs.com.)
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MRI as a decision-making tool 163Use of MRI in congenital heart surgery.
 Clear anatomical depiction—decision making for com-
plex intracardiac repair.
(a) Multiplanar sectional and volume-rendered image
reconstruction.
(b) 3D printing: presurgical evaluation and surgical
simulation on the replicas, and preparation of the
surgical patches matching the patient-speciﬁc anatomy.
 The gold standard for cardiac chamber volumes and
myocardial mass—decision making for marginal ventric-
ular size (biventricular repair vs single ventricle).
 The gold standard for blood ﬂow volumes
(a) Left-to-right shunt lesions: decision making based on
accurate quantiﬁed data for shunt amounts and
pulmonary ﬂow/systemic ﬂow. The accurate measure-
ment of vascular resistance when used in conjunction
with catheter measurement of the pressures.
(b) Collateral blood ﬂow: decision making based on
quantiﬁed data for surgical unifocalization of major
aortopulmonary collaterals and catheter embolization
of the systemic-to-pulmonary collateral arteries.
(c) Borderline ventricular hypoplasia: quantiﬁcation of the
output of the hypoplastic ventricle and blood ﬂow
through the ductus arteriosus, aortic arch, and branch
pulmonary arteries.
 Myocardial ﬁbrosis and endocardial ﬁbroelastosis assess-
ment—extent and severity of focal and diffuse myocardial
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